Double heterostructure-emitter bipolar transistors ͑DHEBTs͒ with emitter edge-thinning design and DHEBTs without that design have been investigated. In the characteristics modeling, a two-dimensional continuity equation and boundary conditions in the base region are employed to determine the various components of base current in a cylindrical mesa-type DHEBT. The influence of structure parameters and emitter edge-thinning design on the current gain of the DHEBT is studied. The effect of quasi-electric field in the base region is taken into account. Switching mechanisms in the DHEBT are also discussed. In the experimental measurement, a DHEBT with an exposed p + -GaAs base surface exhibits a small offset voltage of 100 mV and a common-emitter current gain of 17. Due to the emitter edge-thinning to suppress the surface recombination current, a DHEBT with an N-AlGaAs passivated surface has a common-emitter current gain of 140 and a negligible offset voltage of 40 mV. With symmetric structures, both devices present bidirectional switching phenomena. Moreover, the emitter edge-thinning design is found having the capability for reducing the holding power in the switching. Possessing both amplifying and switching features, the DHEBTs show good potentials for circuit applications. Over the past decades, single heterojunction bipolar transistors ͑SHBTs͒ have presented high speed, high gains, and high current handling capabilities.
Over the past decades, single heterojunction bipolar transistors ͑SHBTs͒ have presented high speed, high gains, and high current handling capabilities. [1] [2] [3] [4] An emitter edge-thinning technology has been applied in the SHBT design to further improve the current gain. [5] [6] [7] [8] [9] Negative differential resistance ͑NDR͒ phenomena have also been observed in the SHBT characteristics. 10, 11 The amplifying and switching features of the SHBTs have made them as promising devices in microwave and digital application regions. However, their large collector-emitter ͑C-E͒ offset voltages increase the power consumption in circuit applications. [12] [13] [14] To reduce the offset voltage, double heterojunction bipolar transistors ͑DHBTs͒ were produced, 15, 16 but potential spikes in the base-collector ͑B-C͒ heterojunctions result in undesired knee-shaped characteristics and suppress current gains in the DHBT characteristics. 17 Afterward heterostructure-emitter bipolar transistors ͑HEBTs͒, in whose emitter regions a wide-gap n-type layer is separated from base layer by a narrow-gap n-type emitter layer and is treated as a confinement barrier for minority carriers, were proposed and successfully fabricated to conquer the drawbacks of the SHBTs and DHBTs. [18] [19] [20] Extremely small offset voltages as well as high emitter injection efficiencies can be obtained in the HEBT characteristics. In the HEBTs, the confinement layer must be thick enough to suppress the current tunneling through it resulting from the minority carrier injected from the base. As to the emitter layer, if the width is too thick, comparable to the minority carrier diffusion length, the recombination in the emitter cannot be neglected and the emitter injection efficiency will be degraded seriously. If the width of the emitter layer is too thin, the emitter depletion region will extend into the confinement layer and yield a potential spike at the heterointerface, which will be similar to the conventional SHBTs. In this paper, a symmetric double heterostructure-emitter bipolar transistor ͑DHEBT͒, in which a confinement heterostructure and a p-n homojunction exist at both emitter and collector sides, is simulated and fabricated. First, in the modeling process, different components of the base current of the DHEBT are determined from a two-dimensional ͑2D͒ continuity equation and boundary conditions in a cylindrical base region. 21, 22 Parameters, including the ratio of the emitter peripheral length to emitter area, extrinsic base length, and base doping concentration, relating to the current gain of the DHEBT with or without emitter edge-thinning design are discussed. The effect of quasi-electric field in the base is taken into account. The origin and feature of the switching in the DHEBT are also investigated. In the DHEBT experiment, a small offset voltage of 100 mV and a common-emitter current gain of 17 are obtained in a DHEBT without emitter edgethinning design. Moreover, a bidirectional S-shaped NDR phenomenon is observed. In a DHEBT with emitter edge-thinning design to suppress the surface recombination current, a common-emitter current gain of 140 and a negligible offset voltage of 40 mV are achieved. A bidirectional switching is also observed.
Theoretical Considerations and Modeling
Structure and emitter edge-thinning effects on DHEBT.-In order to investigate the influence of structure parameters and emitter edge-thinning design on the DHEBT characteristics, a 2D continuity equation and boundary conditions are applied to determine the various components of base current in a cylindrical mesa-type DHEBT. The base current in a transistor is usually organized by four components including ͑i͒ the surface recombination current at the exposed extrinsic base surface, ͑ii͒ recombination current in the base bulk region, ͑iii͒ recombination current at the base contact interface, and ͑iv͒ recombination current in the E-B depletion region. In this modeling, the recombination current in the E-B depletion region is not taken into account since it is negligible at high collector currents, but the quasi-electric field in the base is under consideration due to its ability to reduce the recombination current. Figure 1 shows a schematic illustration of a cylindrical mesatype DHEBT. Since the boundary conditions along the bisected emitter plane are reflective, only half of the device is displayed. The recombination velocities at the extrinsic base surface ͑between d 1 and d 2 ͒ is S 1 , at the base contact interface ͑between d 2 and R 0 ͒ is S 2 , and at the etched mesa surface ͑r = R 0 ͒ is S 3 . In the cylindrical base region, the 2D continuity equation is
lifetime in the base, E b is the magnitude of the uniform base quasielectric field in the z direction, and others have their usual meanings. The E b can be created by a linearly grading Al content in the AlGaAs base region from the emitter to collector. A negative E b will improve the base transport factor and decrease the recombination current. 23, 24 The boundary conditions for different interfaces can be given as
where J e is the emitter current density. In Eq. 2c, the electron concentration is assumed to be zero at the B-C interface because the B-C junction is reversely biased under normal operation mode. By employing the separation of variables to solve Eq. 1 and matching the boundary conditions, n͑r,z͒ can be acquired. Recombination currents occurring at the passivation ledge I S1 , at the base contact interface I S2 , at the etched surface of the base mesa I S3 , and in the base bulk region I bulk can then be obtained from
n͑r,0͒2rdr
͓3a͔
n͑r,0͒2rdr ͓3b͔
and
In addition, the collector current density J C can be given as
where n is the electron mobility in the base. Consequently, the collector current will be
In the modeling, doping concentration-dependent n and n are employed. 25, 26 The value of S 2 is taken to be 2 ϫ 10 7 cm/s, which is half of the average free electron thermal velocity. This is an assumption that there is no reflection for electrons striking the base contact interface. 27 The value of S 1 assumed for a passivated surface is 1 ϫ 10 3 cm/s, and for an unpassivated surface it is 1 ϫ 10 6 cm/s. S 3 is assumed to be 1 ϫ 10 6 cm/s. Computer calculations are performed for different geometries and base doping concentrations. Emitter size effect.- Figure 2a is the calculated current gain as a function of the ratio of the emitter peripheral length to emitter area with changed base quasi-electric field E b . The simulated device is an unpassivated one whose base width W B , base doping concentration N B , and extrinsic base length d 2 − d 1 are 0.2 m, 5 ϫ 10 18 cm −3 , and 20 m, respectively. E b equal to 0, −2500, or −5000 V/cm is taken under investigation. As the base current is dominated by the recombination current at the periphery of the E-B junction, the current gain decreases with an increasing ratio of the emitter peripheral length to emitter area, i.e., a decreasing emitter area, as shown in Fig. 2a . In other words, when the extrinsic base surface recombination current is larger than or comparable to the base bulk recombination current, an emitter size effect will significantly occur in an unpassivated device. [28] [29] [30] [31] However, the emitter size effect can be suppressed in the simulated device with a negative E b in the base because the electric field will accelerate electrons toward the collector and prevent electrons from reaching the extrinsic base surface. Thus, the recombination current at the extrinsic base surface can be effectively suppressed in a graded base structure. Extrinsic base length effect.- Figure 2b is the current gain as a function of the extrinsic base length d 2 − d 1 for both passivated and unpassivated devices with an E b equal to 0 or −2500 V/cm. For the simulated devices, the base width W B is 0.2 m, base doping concentration N B is 5 ϫ 10 18 cm −3 , emitter radius r is 10 m, and base contact length R 0 − d 2 is 20 m. The lower two curves in Fig. 2b are for the unpassivated devices and the higher two curves are for the passivated ones. When device is under normal operation mode, part of the electrons injected from the emitter to base will diffuse in the extrinsic base bulk region and recombine at the base contact interface. This recombination current will be enhanced when the base contact is located closer to the intrinsic base region. Thus, the current gains of passivated and unpassivated devices decrease with decreasing extrinsic base length d 2 − d 1 , as shown in Fig. 2b . Compared to passivated devices, unpassivated devices display less current gain dependence on the extrinsic base length because the extrinsic base surface recombination current produced at the peripheral of the E-B junction dominates the base current. When an electric field of −2500 V/cm is introduced into the base, the current gain can be increased due to the electric field to degrade extrinsic base surface and base contact interface recombination currents. For passivated devices, the increasing passivation ledge length decreases the recombination current at the base contact interface, and the current gain gradually saturates at a value limited by the bulk recombination current, as shown in Fig. 2b . The current gains for devices with wide passivation ledges are not clearly affected by the electric field in the base because the field is not large enough to obviously vary the base bulk recombination current. However, when the passivation ledge is narrow, the current gain is dominated by the recombination at the base contact interface, and a quasi-electric field can significantly improve the current gain.
Base doping concentration effect.- Figure 2c is the current gain as a function of base doping concentration. For the simulated devices, the base width W B is 0.2 m, emitter radius r is 10 m, extrinsic base length d 2 − d 1 is 20 m, and base contact length R 0 − d 2 is 20 m. The higher curve is for the passivated device and the lower curve is for the unpassivated one. As the base doping is decreased, the current gain of the unpassivated device is much lower than that of the passivated one. This means that the extrinsic base surface recombination current becomes the main component of the base current for unpassivated devices with low base doping levels. Thus, the surface passivation is important for the extrinsic base when the base doping is low. However, when the base doping concentration is increased, the lifetime of the minority electron in the base is decreased and the bulk recombination current turns out to be the dominant component of the base current. Therefore, when the base doping level is high, the current gain is independent of whether the extrinsic base is passivated or not, as shown in Fig. 2c . Because the bulk recombination current becomes dominant, the device geometries, such as the emitter area and E-B contact spacing, will hardly affect the current gain. Decreasing the base width will be the best way to increase the current gain when the base doping concentration is high.
Originations of switching in DHEBT.-For an n-p-n bipolar junction transistor under a positive C-E voltage V CE with base open, the collector current I C , including the avalanche multiplication effect, is approximated to 10, 32 
where
͓7͔
In the above equations, I CO is the B-C junction leakage current, ␤ is the common-emitter current gain, M is the avalanche multiplication factor, BV CBO is the B-C breakdown voltage with emitter open, V CB is the external voltage drop across the B-C junction, and n is a constant related to materials used. 33 The switching performance in a transistor operating in avalanche region is produced by the positive feedback between the avalanche multiplication in the B-C junction and the current gain given by the transistor action. Since the reversebiased B-C junction absorbs the most part of the V CE voltage, M increases with V CE voltage, according to Eq. 7. The multiplied holes generated in the B-C junction will drift to the base, charge the E-B junction, and reduce the E-B potential. More electrons are therefore injected from the emitter into the base and reach the B-C junction, which will generate more electron-hole pairs. When V CE voltage is large enough to turn 1 + ␤͑1 − M͒ to zero, the B-C junction will break down, according to Eq. 6. From Eq. 7, the condition 1 + ␤͑1 − M͒ = 0 can define a switching voltage V S as
͓8͔
If ␤ increases with I C after V CE = V S , the criterion for the B-C breakdown will conduct a reduction in M due to M = ͑1 + ␤͒/␤. This M reduction requires a smaller B-C voltage. As a consequence, an NDR phenomenon is expected in the breakdown characteristics. Then, a low-impedance on-state will be obtained if ␤ saturates.
Experimental
The studied device was grown by molecular beam epitaxy ͑MBE͒ on a ͑100͒-oriented n + -GaAs substrate. Si and Be were used as n-and p-type dopants, respectively. The device structure consists of a 500 nm n + -GaAs ͑3 ϫ 10 18 cm −3 ͒ buffer layer, a 120 nm N-Al 0.5 Ga 0.5 As ͑5 ϫ 10 17 cm −3 ͒ confinement layer, an 80 nm n-GaAs ͑5 ϫ 10 17 cm −3 ͒ collector layer, a 200 nm p + -GaAs ͑5 ϫ 10 18 cm −3 ͒ base layer, an 80 nm n-GaAs ͑5 ϫ 10 17 cm −3 ͒ emitter layer, a 120 nm N-Al 0.5 Ga 0.5 As ͑5 ϫ 10 17 cm −3 ͒ confinement layer, and a 300 nm n + -GaAs ͑3 ϫ 10 18 cm −3 ͒ cap layer. After finishing the growths, AuGe and AuZn metals were deposited for the n-type and p-type ohmic contacts, respectively, by using conventional evaporation, lift-off, and alloying techniques. The etchings were finished by employing NH 4 OH:H 2 O 2 :H 2 O solution. For device A12, the n + -GaAs cap layer, N-AlGaAs confinement layer, and n-GaAs emitter layer were etched to expose the p + -GaAs base layer before the base contact evaporation, whereas a 40 nm N-AlGaAs confinement layer was left on the extrinsic base for device A16. A calculation showed that this 40 nm passivation ledge had already been completed depleted due to the surface Fermi level pinning, 34 even if the depletion region resulting from the N-AlGaAs/n-GaAs junction was not taken under consideration. The effective areas of the E-B and B-C junctions were 1.3 ϫ 10 −4 and 6.5 ϫ 10 −4 cm 2 , respectively. Schematic diagrams for both devices are depicted in Fig. 3 .
Results and Discussion
Transistor operations.-The energy band diagram of a DHEBT with a positive V CE voltage is shown in Fig. 4 . The output currentvoltage ͑I-V͒ characteristics of device A12 under normal mode at 300 K are shown in Fig. 5 . The gain is 17, and the offset voltage is only 100 mV, which is attributed to the E-B and B-C homojunctions and the symmetric structure. Figure 6a shows the characteristics of device A16 under normal operation mode at 300 K. A commonemitter current gain up to of 140 is obtained. It is apparently superior to that of device A12. Because the exposed p + -GaAs base surface is protected by a 40 nm N-AlGaAs confinement layer, the transistor current gain can be improved in device A16. An enlarged view near the origin of Fig. 6a is shown in Fig. 6b . The offset voltage is only 40 mV. This significant reduction of offset voltage, compared to that of device A12, results from more electrons injecting from the emitter to the collector and not recombining at the base surface. Figure 7 shows the Gummel plots of device A12 and A16. The collector currents of both devices are practically identical and the ideality factor for the collector currents is 1.06. This ideal factor indicates that the B-E voltage drops mostly on the E-B homojunction, and the heterojunction on the emitter side has a negligible influence on the emitter current injection. 20 However, the ideality factor for the base current of device A12 is 1.31 and of device A16 is 1.59. Comparing the base current levels and ideality factors, it is clear that the emitter edge-thinning design indeed decreases the nearly 1-KT base surface recombination current and thus improves the current gain. 35, 36 At low current levels, which are limited by the recombination in the E-B space-charge region, device A16 has a slightly larger base current than device A12. In device A16, there exists a depleted passivation ledge in addition to the E-B space charge region; such an additional depletion region results in larger space recombination current and is responsible for the larger base current in device A16 at low current levels. At high current levels, the base currents in both devices increase with the B-E bias much less rapidly. This current saturation is due to the voltage drop in the electrode contact resistances. smaller than those of device A12. At higher ␤, the breakdown condition M = ͑1 + ␤͒/␤, according to Eq. 6, will appear at a lower value of M, which implies a lower V CE voltage. Therefore, with capability for effectively increasing ␤, the N-AlGaAs passivated surface can make device A16 entering the NDR region at a lower V S , and then leaving at a lower V H and I H . Furthermore, a lower holding power P H = I H ϫ V H is obtained in the characteristics of device A16. Due to the symmetric structure with respect to the base layer, devices A12 and A16 can operate as bidirectional switches. Figure 8b shows the I-V characteristics of device A16 under normal and reverse operation modes at 300 K. The asymmetrical switching performances are due to the significant area difference existing between the E-B and B-C junctions, which yields a quite different base transport factor or carrier collection efficiency under these two operation modes.
S-shaped NDR

Conclusions
A symmetric DHEBT, in which an N-AlGaAs/n-GaAs heterostructure exists at both the emitter and collector sides, was demonstrated and fabricated. The symmetric structure in the DHEBT resulted in a small offset voltage of 100 mV and a current gain of 17. A bidirectional switching behavior was also obtained. With an emitter edge-thinning design to suppress the surface recombination current, the transistor performance was improved. A current gain of 140 with a negligible offset voltage of 40 mV was achieved. Moreover, the different components of base current were determined from a 2D continuity equation and boundary conditions in the base for a cylindrical mesa-type DHEBT. The calculations demonstrated that the quasi-electric field in the base and the passivation of the extrinsic base surface were essential to increase the current gain in low-tomoderate base doping concentration range due to the dominant recombination current at the extrinsic base surface. However, at high base doping levels, the base bulk recombination current became the main component of the base current, and the current gain did not strongly depend on the device geometry. Thus, in high base doping range, the best way to increase the current gain was to decrease the base width.
